The concept of applying all active therapeutic agents in Total Therapy (TT) clinical trials for newly diagnosed multiple myeloma was pursued with the intent of developing curative treatment. The results of TT1 (n ¼ 231), TT2 (n ¼ 668) without or with thalidomide and TT3 with added bortezomib (n ¼ 303) have been reported. An update with median follow-up times of 17.1, 8.7 and 5.5 years, respectively, is provided. Conditional overall survival (OS) analysis from a 4-year landmark was applied to account for earlier protocol failure owing to disease aggressiveness and toxicities. Cumulative relative survival was computed in the context of age-and gender-matched US population, and interval-specific relative survival ratios were estimated to determine times to normal survival expectation. Based on Cox model-adjusted statistics, OS, progression-free survival and complete-response duration all improved with the transitions from TT1 to TT2 to TT3; improvement was also evident from time-to-progression estimates, 4-year conditional survival data and cumulative relative survival. Interval-specific relative survival normalized progressively sooner, reaching near-normal levels with TT3 in patients who attained complete response. Thus, a strategy using all myeloma-effective agents up-front seems effective at preventing, in progressively larger patient cohorts over time, the outgrowth of resistant tumor cells that account for ongoing relapses.
INTRODUCTION
Despite major advances in therapy, multiple myeloma is still considered an incurable malignancy. 1 Introduction of immunomodulatory drugs and bortezomib and advances in high-dose chemotherapy administration have improved progression-free survival (PFS) and overall survival (OS) for myeloma patients in general, but most patients suffer relapses and progressively shorter disease-free intervals with each relapse. 2, 3 We have reported our Total Therapy (TT) trials [4] [5] [6] that use all active treatments up-front to achieve maximum tumor cytoreduction and thereby increase the frequency and duration of complete response (CR), with the goal of extending PFS and OS. With median follow-up times of 17.1 years for TT1, 8.7 years for TT2 and 5.5 years for TT3, we investigated, for each trial, the outcomes in relationship to baseline parameters. Results of these analyses demonstrate long-term outcomes that improve with each successive trial.
SUBJECTS AND METHODS
The details of trial design and dosing were reported previously for TT1, TT2 and TT3 (refs 4-7) and are briefly described here. All three protocols used melphalan (200 mg/m 2 )-based tandem transplants. In TT1 (n ¼ 231), a phase II trial, induction therapy included three cycles of VAD (vincristine, doxorubicine, dexamethasone), high-dose cyclophosphamide for collection of peripheral blood stem cells and etoposide, dexamethasone, cytarabine, cisplatin; interferon-a2b was used as maintenance therapy until relapse or intolerance. TT2 (n ¼ 668) was a phase III trial that randomized patients to an experimental arm with thalidomide added from the outset and continuing throughout consolidation and maintenance. TT2 induction consisted of VAD followed by DCEP (dexamethasone and 4-day continuous infusions of cyclophosphamide, etoposide, cisplatin), cyclophosphamide, doxorubicin, dexamethasone with collection of peripheral blood stem cells, and a further cycle of DCEP. TT2 consolidation varied and eventually used DPACE (dexamethasone and 4-day infusions of cisplatin, doxorubicin, cyclophosphamide, etoposide) quarterly for 1 year. Maintenance therapy for TT2 consisted of dexamethasone pulsing in year 1 with interferon-a2B, which was then continued indefinitely until recurrence or intolerance. TT3 (n ¼ 303), a phase II trial, used two cycles of VTD (bortezomib, thalidomide, dexamethasone)-PACE for induction before and consolidation after tandem transplants; this was followed by VTD maintenance therapy in year 1 and TD maintenance in years 2 and 3. All the TT patients received the induction, transplant and consolidation phases at the UAMS (University of Arkansas for Medical Sciences). The patients then were followed at least every 4 months during the maintenance phase and at least semi-annually after maintenance.
TT protocols were approved by the Institutional Review Board that received and approved annual follow-up reports. All patients had signed a written informed consent, in keeping with the institutional and Food and Drug Administration guidelines and in accordance with the Helsinki Declaration. An independent data-monitoring team audited 480% of clinical records every 6-8 months for toxicity and efficacy of TT protocols.
Endpoints and statistical methods
Data were compiled on 25 February 2011. The median follow-up times for TT1, TT2 and TT3 were 17.1, 8.7 and 5.5 years, respectively. Clinical endpoints 8 included CR duration, time to progression (TTP), PFS and OS. CR duration was measured as the time from CR onset to disease progression 1 Myeloma Institute for Research and Therapy, University of Arkansas for Medical Sciences, Little Rock, AR, USA and or death from any cause. TTP was measured from the time of initiation of protocol therapy and also from onset of CR; events were restricted to disease progression and relapse. PFS was defined as the time from initiation of therapy until progression or death from any cause. OS was defined as the time from initiation of therapy until death from any cause.
OS, PFS and CR duration were estimated according to the method of Kaplan and Meier. 9 Cumulative incidence curves for TTP or relapse were estimated as described by Gooley et al. 10 For clinical endpoints, estimates were compared with the log-rank test and model-adjusted statistics derived from Cox regression. 11, 12 To assess outcomes after patient attrition due to treatment-related mortality or as a consequence of high-risk disease features, analyses of conditional survival were carried out with a 4-year landmark. We explored several landmarks, with similar conclusions. Four years was the longest time from the start of therapy with reasonable follow-up past the landmark for TT3.
To account for competing causes of death unrelated to myeloma, we also examined relative survival-patient outcomes in the context of the general age-and gender-adjusted population. Expected survival estimates based on age and gender were obtained for the general United States population from the Human Mortality Database (http://www.mortality.org). Relative survival was defined as the ratio of observed survival to that expected from the general population, adjusted for age and gender differences, and was estimated and compared as described by Dickman et al. 13 Interval-specific relative survival (IRS) ratios were calculated at 1-year intervals. An IRS ratio o1 results from higher mortality in the observed population relative to the general population, while a ratio equal to 1 suggests the mortality rate has normalized or matched the mortality of the general population. Cumulative relative survival was calculated as the product of the IRS ratios.
RESULTS
Patient baseline characteristics were previously reported. [4] [5] [6] Information on standard laboratory variables, including cytogenetics, was virtually complete (Supplementary Table 1) . Among all 1202 patients, 20% were 65 years and older (those 475 years were ineligible), hypo-albuminemia o3.5 g/dl was present in 21%, b-2microglobulin X3.5 mg/l was present in 40, 50% had ISS stages II and III, renal function was impaired (creatinine X2 mg/dl) in 10, 28% had elevated serum levels of lactate dehydrogenease X190 U/l and 31% exhibited cytogenetic abnormalities (CA).
Clinical outcomes were analyzed for the three endpoints of OS, PFS and CR duration (Figure 1 ). Outcomes progressively improved with the transitions from TT1 to TT2 control arm (TT2 À Thal), TT2 thalidomide arm (TT2 þ Thal) and TT3. Log-rank statistics applied
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Logrank P Figure 1 . Kaplan-Meier plots of OS (a), PFS (b) and CR duration (c) for TT trials. Significant improvements were observed in OS, PFS and CR duration with the transitions from earlier trials to later trials that incorporated new agents, greater intensity of induction therapy and consolidation therapy after transplantation. This was especially apparent in the Cox model-derived comparisons adjusted for baseline prognostic factors. Black, TT1; red, TT2 À Thal; blue, TT2 þ Thal; and green, TT3. *Model-adjusted P-value based on Cox regression model including terms for TT protocol, age, b-2microglobulin45.5 mg/l, lactate dehydrogenease X190 U/l and the presence of CA.
Model
for the three clinical endpoints indicated significant differences among the four treatment groups in terms of PFS (borderline for TT1 versus TT2 À Thal) and CR duration (borderline for TT1 versus TT2 À Thal, and for TT2 À Thal versus TT2 þ Thal). OS also improved significantly with the transition from TT1 to TT2 À Thal. A trend toward significant improvement in OS was observed for TT2 À Thal versus TT2 þ Thal, but no difference is yet documented for TT2 þ Thal versus TT3. Model-adjusted comparisons were obtained with Cox regression analyses including standard baseline prognostic factors (age at registration, b-2microglobulin45.5 mg/l, lactate dehydrogenease X190 U/l, the presence of metaphasebased CA) to control for disease-related and host risk-related features of TT populations. These comparisons revealed highly significant improvements with successive trials for all endpoints, with the exception of the comparisons of TT2 þ Thal versus TT3 OS (P ¼ 0.1008), and TT2 À Thal versus TT2 þ Thal CR duration (P ¼ 0.0518). Collectively, these data attest to the progressive improvements in patients' outcomes with the application of newer TT trials.
These observations were further supported by analyses of TTP, where deaths were considered censored ( Figure 2 ). TTP comparisons of all successive TT trials (including TT2 À Thal versus TT2 þ Thal) were highly significant, whether TTP was considered for all patients (Figure 2a ) or limited to those who achieved CR status (Figure 2b ). The 5-year cumulative incidence of progression or relapse among all patients was enormously reduced from 72.3% in TT1 to 42.7% in TT2 À Thal, 28.2% in TT2 þ Thal and 18.7% in TT3; the corresponding values for those relapsing from CR were 66.7%, 38.9%, 32.5% and 10.8%, respectively.
To adjust for early events related to disease aggressiveness or treatment-related toxicities, several conditional survival analyses were carried out to examine the long-term efficacy of TT trials. Representative data are shown for 4-year conditional survival analyses (Figure 3 ), which used model-adjusted statistics (b-2microglobulin45.5 mg/l, CA and TT trial). OS significantly improved in four of the six comparisons (with the exceptions of TT1 versus TT2 À Thal, P ¼ 0.2472, and TT2 þ Thal versus TT3, P ¼ 0.1950) (Figure 3a) . For both PFS (Figure 3b ) and CR duration (Figure 3c ) significant improvements were noted for all comparisons except TT1 versus TT2 À Thal (PFS, P ¼ 0.72; CR duration, P ¼ 0.37) and TT2 þ Thal versus TT2 À Thal (CR duration, P ¼ 0.1079).
Considering the advanced age of the typical patient afflicted with myeloma, it appeared appropriate to examine survival outcomes in the context of a similar population (age-and gender-adjusted) within the general US population. Thus, cumulative relative survival was analyzed for all patients in TT1, TT2 and TT3 from the start of therapy. Cumulative relative survival improved when TT1 was compared with each arm of TT2 (TT2 À Thal P ¼ 0.00054, TT2 þ Thal Po0.0001) and with TT3 (Po0.0001); cumulative relative survival also improved when TT2 À Thal was compared with TT3 (P ¼ 0.0031) (Figure 4a ). When applied to survival from onset of CR (Figure 4b ), cumulative relative survival comparisons showed significant benefits of newer TT trials, with the exception of borderline significance for TT2 þ Thal versus TT3 (P ¼ 0.06); TT2 À Thal outcomes were similar to those of TT2 þ Thal (P ¼ 0.72).
IRS ratios were computed to examine when near-normal survival expectations were reached during the course of each TT trial ( Figure 5 ). When analyzed for all patients from the start of therapy, regardless of response status (Figure 5a ), IRS ratios for TT1 remained near 90% in the first 10 years and increased to 495% thereafter; for the TT2 control arm, near-normal survival was reached at 10 years, and consistently superior estimates were observed in TT2 þ Thal; for TT3, the IRS ratios virtually normalized at 6 years. When limited to subjects who achieved CR (Figure 5b ), normal IRS ratios were reached at 16 years with TT1 and at 11 years with both arms of TT2 (transiently superior values were noted for TT2 þ Thal in years 3-6); in contrast, patients treated with TT3 had near-normal IRS ratios almost from the outset of protocol therapy. The reduction of mortality to the level of the general US population in TT3 speaks to the efficacy of this treatment approach.
DISCUSSION
We have demonstrated improvements in patient outcomes with successive TT protocols, which applied to most comparisons of OS, PFS, CR duration and TTP. The transition from TT1 to TT2 introduced more intensive induction therapy before tandem transplantation and consolidation chemotherapy after transplantation; the experimental arm of TT2 added thalidomide to this regimen. The transition to TT3 brought the addition of thalidomide and bortezomib for induction, consolidation and maintenance phases. The substantive improvements in patient outcomes were accounted for by reductions in relapses, not only in the subset of patients who achieved CR but also in the overall patient population. Our analyses used various statistical means of comparing clinical outcomes in successive clinical trials, including Cox model-adjusted comparisons, conditional 4-year clinical outcomes to account for earlier events due to myeloma aggressiveness and treatment-related toxicities and estimates of relative survival expectations of an age-and gender-adjusted subset of the general US population.
The data indicate that, in a closely followed population of patients with symptomatic/progressive myeloma treated at a single institution, long-term PFS and OS could be achieved with the TT1 protocol and that significant advances to earlier expectations of survival normalization occurred with addition of newer agents, particularly with incorporation of both bortezomib and thalidomide in TT3. The TTP curves plateaued at B80% for TT1, regardless of CR status, and at about 20% for all patients in TT2 and at 10% for those in TT3 who achieved CR. This bodes well for long-term disease-free survivorship for the majority of patients. It is important to note that while the proportion patients achieving CR in the thalidomide arm of TT2 and TT3 are comparable, the CR duration is longer in TT3. This likely represents a better depth of response in TT3 with addition of bortezomib. It also appears that the patients who sustain CR status for over 7 years are less likely to relapse, regardless of the TT protocol. Figure 3 . Conditional survival outcomes from 4-year landmark in TT trials, shown for OS (a), PFS (b) and CR duration (c). Significant improvements in 4-year conditional survival were noted for all three endpoints with successive TT trials, especially when comparisons were adjusted for baseline prognostic factors. Black, TT1; red, TT2 À Thal; blue, TT2 þ Thal; and green, TT3. *Model-adjusted P-value based on Cox regression model including terms for TT protocol, b-2microglobulin45.5 mg/l and the presence of CA.
Our data also show that Kaplan-Meier plots for OS and PFS are moving closer to each other with the transitions from TT1 to TT2 and, especially, to TT3, implying that salvage attempts are more difficult when the entire treatment armamentarium has been applied up-front in an effort to achieve durable disease control. However, this may not apply to late relapses where retreating with regimens that were already applied up-front has been effective (unpublished data). Thus, we anticipate that OS and PFS curves eventually will diverge as follow-up times increase. Patients have varying preferences for palliation versus cure objectives, and future trials should address these preferences as well as quality-oflife assessments.
We do not claim that results reported here can only be achieved with a TT-like treatment approach that applies all active treatments up-front; however, we believe that the enormous genomic chaos present at diagnosis, which is appreciated by most myeloma investigators, calls for an aggressive therapeutic regimen. 14, 15 We and others have drawn attention to shifts in tumor-cell subpopulations-'clonal tides'-that can be observed on serial bone marrow examinations due to preferential treatment-related killing of tumor sub-clones. 16, 17 Such differential clonal sensitivity to different agents provided the rationale for combining all active myeloma agents up-front rather than in sequence, a strategy first advocated in the epochal discovery of curative combination chemotherapy for acute lymphoblastic leukemia by Frei et al. 18 and extended in serial TT trials by the team at St. Jude Children's Research Hospital. 19 Our TT strategies, applying all myeloma-active agents and strategies up-front, were aimed at minimizing outgrowth or generation of OS, adjusted for the expected survival of the US population, stratified by gender and age at registration, was calculated over 1-year intervals. With the transitions from TT1 to TT2 and TT3 trials, IRS ratios were successively higher from the outset, and improvements toward normal occurred earlier, whether examined for all patients or for those who attained CR. Black, TT1; blue, TT2 À Thal; red, TT2 þ Thal; and green, TT3. (95% Confidence intervals provided in Supplementary Tables 2A-B) .
further mutated tumor subpopulations, which were recognized as contributing to ultimate treatment failure. 20 The analyses presented here are consistent with our previous suggestion that results of our TT trials 7 and of GEMIMA and PETHEMA trials are consistent with cure of myeloma. [21] [22] [23] The myeloma community, at present, is divided between those advocating cure and others advocating disease control. 24 Randomized clinical trials are currently in progress to address this important issue, 25 although median follow-up needs to be in the 10-year range for meaningful conclusions to be derived.
Although CR is an important objective of clinical trials, its durability is of paramount significance. 26 Combinations of novel agents achieve CR rates that approach those achieved with transplants, but information is not yet available on the quality of response, which is reflected in CR duration, PFS and OS. The importance of this issue is highlighted by observations indicating that achieving CR does not always correlate with good long-term outcomes. We have reported that, for patients in TT3 who have myeloma that is defined by gene expression profiling (GEP) as high risk, 16, 27 CR rates match or exceed those seen for TT3 patients who have low-risk disease; however, the differences in CR duration, PFS and OS are stunning when TT3 patients with highrisk disease are compared to those with low-risk disease. 6, 28 On the other hand, Mayo investigators confirmed our observations that patients whose myeloma was preceded by smoldering myeloma achieved CR status less frequently but had comparable OS. 29, 30 These data indicate that simply achieving CR may not be an accurate indicator of long-term survival outcomes.
Several attempts at further refining CR have been undertaken to better quantify the depth of CR. Stringently defined CR relies on measuring myeloma secretory products and enumerating myeloma plasma cells in random bone marrow samples. 31 Multiparameter flow cytometry, introduced by Paiva et al., 32 and methods based on PCR 33 both fail to account for non-secretory myeloma cells surviving in focal bone marrow sites that are readily detected by magnetic resonance imaging 34 or positron emission tomography. 35 Examination of fine-needle aspirates from such focal lesions revealed mitotically active myeloma cells that likely account for late relapses. 36 Therefore, to further improve treatment outcomes, imaging-defined CR has become an objective of our TT4 trial for low-risk myeloma 37 and TT5 trial for high-risk myeloma. 38 As we anxiously await the results of prospective randomized trials comparing control-and cure-directed approaches, opportunities must be seized in the interim to target high-risk myeloma, as defined by the presence of CA, delTP53 (based on inter-phase fluorescence in situ examination [39] [40] [41] [42] or GEP 43, 44 ), high lactate dehydrogenease, 45 primary plasma cell leukemia, 46, 47 GEP-based high-risk designation (B15% in newly diagnosed myeloma) 27, 48, 49 and certain GEP-or fluorescence in situ hybridization-defined translocations. [50] [51] [52] GEP-based high-risk myeloma is a common terminal pathway, and it also occurs in disease that begins as low risk 53 (often with extramedullary manifestations 54, 55 ); therefore, a treatment focus on high-risk myeloma appears urgent. Clinical outcome results would be available within only 2-3 years, and promising agents can be included in trials for patients with lowerrisk myeloma who carry some unfavorable prognostic stigmata. We and others are currently defining molecular pathways in highrisk myeloma that can be targeted therapeutically.
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